Introduction
Nowadays, research focussed on inorganic scintillators is in constant development. These materials, that convert high energy radiation into UV-Visible light, are used in various applications [1] : medical imaging, high energy physics, airport security and industrial control. For medical imaging applications, the conversion yield of the scintillating materials has to be improved in order to minimize the patient X-rays exposure. The development of materials that present high density are particularly interesting in order to get efficient X-ray absorption.
The sol-gel process seems to be a good solution for the elaboration of scintillating materials.
Indeed, the use of molecular precursors in solution confers an important chemical homogeneity to these materials. Moreover, the sol-gel route allows the elaboration of materials of different composition and doped easily with different ions, in various concentration. The sol-gel derived materials are synthesized at lower temperature than the ones elaborated by classical solid state synthesis. This point is economically important and can sometimes lead to new phases.
Because of the required high density, lutetium based oxides materials are very interesting candidates. In order to exhibit luminescence properties, these materials are generally doped with rare earth ions. LuPO 4 , which is known as an efficient scintillator [2] , is the subject of this work and has been doped with Ce 3+ , Eu 3+ and Tb 3+ ions.
The emission of Ce 3+ doped scintillator is based upon intense and fast 5d → 4f transitions and occurs in the UV-blue range for which effective detectors are available.
The materials doped with Eu 3+ or Tb 3+ ions emit in the visible range but with long decay time.
Experimental Section

Materials preparation
Sol-Gel derived samples
In a first step, a mixture of Lutetium and Ln alkoxides (Ln=Eu, Tb or Ce) is prepared by metathesis reaction of lutetium anhydrous chloride with potassium isopropanolate as reported for various metallic alkoxides [3] . All manipulations are carried out under dry argon atmosphere to prevent any influence of air moisture. High purity chlorides (Aldrich) were used; they were dried under vacuum before use to ensure total absence of water. LuCl 3 and LnCl 3 were mixed together in anhydrous 2-propanol in required amounts during 2 hours. Potassium isopropoxide was prepared by reacting metallic potassium (Aldrich) with anhydrous 2-propanol (Accros). Anhydrous 2-propanol was dried and stored over molecular sieve. Lu/Ln chlorides mixture is then reacted with the potassium alcoholate with a K/(Lu+Ln) ratio in slight excess with respect to the stoechiometric K/(Lu+Ln)=3 molar ratio. Thermogravimetric analysis were performed using a Metler Toledo 851 apparatus. Samples were heated in air with a rate of 1 °C.min -1 .
Micrographs were recorded using a Cambridge StereoScan 360 SEM operating at 20 kV.
Samples were prepared by depositing a small quantity of powder on adhesive carbon film before coating the surface with gold. The afterglow measurements were performed at room temperature on the samples corresponding to concentration optima. The excitation was performed during 10 s with a X-ray source working at 40 kV and 35 mA. Gd 2 O 2 S:Tb 3+ powder was used as a reference.
Results and Discussion
Characterization X-Ray Diffraction Figure 1 Residual hydroxyls groups coming from the hydrolysis of alkoxides precursors are observed and will be confirmed by luminescence decay measurements.
Thermal analysis
In order to get informations on the cristallisation of LuPO 4 , a thermal analysis has been performed. The evolution from the amorphous to crystalline form is then studied. A thermogravimetric analysis has been carried out on LuPO 4 powder elaborated by sol-gel process and the resulting thermogramm is presented in Figure 3 . The first derivative is also shown in order to clearly identify the temperatures associated with the different weight losses.
A first weight loss is observed around 100°C and can be allotted to the elimination of adsorbed species such as alcohol or water molecules [7] . A second significant weight loss, observed at about 200°C, corresponds to the condensation of the material. There is a condensation of the alkoxy and hydroxy groups with subsequent alcohol or water elimination. Some residual organic compounds can also be directly pyrolyzed. At this temperature, the inorganic skeleton is formed.
Total loss of weight is approximately 20%.
Scanning Electron Microscopy
Scanning Electron Microscopy allows the extraction of informations about the morphology of the powders synthesized by sol-gel process and treated at 1100°C for 24 hours. The images, recorded at 10 000x magnification, are given in Figure 4 . The powders are homogeneous and constituted of small spherical particles. The size distribution of these particles is uniform which is a usual consequence of the use of sol-gel process.
Optical properties
Excitation spectra Figure 5 shows In the case of LuPO 4 :Ce 3+ , two main bands are observed which correspond to the transitions between the 4f level and the excited 5d levels: T 2 and E of Ce 3+ [8] , further splitting of the 5d levels is not observed probably due to the poor resolution in our room temperature spectra. In the case of LuPO 4 :Ce 3+ (Figure 6 (a) Figure 7 . The lifetimes given on the graph are 3.9 ms, 2.5 ms and 2.5 ms for LuPO 4 :Eu 3+ 5 % co-precipitated, LuPO 4 :Eu 3+ 5 % and LuPO 4 : Tb 3+ 5 % sol-gel respectively. The shorter radiative lifetime of the sol-gel derived sample as compared to the coprecipitated one is related to higher residual OH concentration in the material prepared by sol-gel chemistry as observed for YPO 4 [11] . The measured lifetimes are fully compatible with applications.
Scintillation yields
Scintillation yields have been measured for all the powders by comparing the integrating areas of the emission spectra of the sample and the reference (BGO or Gadox). Scintillation yields under γ-rays excitation are respectively 8060 photons/MeV [12] and 78000 photons/Mev [13] for BGO and Gadox. The yields of our materials were calculated from reference values which are obtained under γ-ray excitation. Our measurements have been performed under X-ray excitation, so the results given for the scintillation yields under γ-ray excitation might be under-estimated. The scintillation yields for all the samples and their evolution as a function of the doping ion concentration are presented in Figure 8 . 
Afterglow
The afterglow value is an important characteristic for scintillating materials used in tomography. Indeed, for an application in tomography, the scintillator afterglow should be weak because a lot of images are recorded successively in a short time.
The afterglow behaviours for Ce 3+ , Eu 3+ and Tb 3+ doped LuPO 4 powders are presented in Figure 9 . The afterglow of Gadox (Gd 2 O 2 S:Tb) was also measured as a reference. The materials present an afterglow of 0.9%, 0.35%, 2.5% and 0.007% at 1 s after X-rays turn-off, for LuPO 4 :Ce 3+ (0.1%), LuPO 4 :Tb 3+ (5%), LuPO 4 :Eu 3+ (10%) elaborated by sol-gel process and Gadox respectively. The relatively high afterglow of Eu 3+ doped samples could be restrictive for practical applications. LuPO 4 :Eu 3+ (5%) synthesized by co-precipitation present an afterglow equal to 1% at 1 s after X-ray turn-off.
Conclusion
The sol-gel process is a good technique which allows the elaboration of scintillating LuPO 4 powders doped with different rare earth ions. These sol-gel derived powders present good cristallinity and purity, a homogeneous distribution of the particles and a controlled morphology.
The scintillating properties of Ce 3+ , Eu 3+ or Tb 3+ doped LuPO 4 powders were studied and high scintillation yields were obtained. These materials appear to be promising scintillators. Furthermore, the sol-gel process developed in this work will allow the production of these materials as thin films which is a highly desirable configuration for X-ray intensifying screens.
Sol-gel process appears to be a simple and more flexible process for preparing oxides scintillators.
In particular, it allows a high output screening of compositions and a high versatility in term of final shape.
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